Morphometric analyses of the neurons and microvessels of perfusion-fixed hypogastric (HG) and 13th thoracic (T13) ganglia have been performed in male Wistar rats aged 4, 24 and 30 mo. Estimations of HG volume employing the Cavalieri principle have also been performed and showed that the size of the aged HG is increased by 42 %. Routine histological staining of the ganglia with Masson's trichrome indicated that this may be due to the increased amount of interstitial connective tissue which was apparent in the aged animals. The number of neurons per unit area progressively decreased by 38 % between ages 4 and 24 mo and by 16 % between ages 24 and 30 mo in the HG and by 25 % (4 and 24 mo) and 2 % (24 and 30 mo) in the T13 ganglion. The total number of neurons in the HG however, estimated by a physical disector analysis, was constant with age. The number of microvessels per unit area, microvessel diameter, neuronal and nuclear areas did not differ significantly between the 3 age groups studied. This observed increase in ganglionic volume and decrease in neuronal packing density may be associated with changes in the extracellular matrix, in particular in glycosaminoglycans whose presence was indicated by metachromasia of the ganglia with toluidine blue. The extracellular matrix was therefore characterised using a panel of monoclonal antibodies against glycosaminoglycans and laminin. Chondroitin-6 sulphate and chondroitin-4 sulphate were present in the interstitial connective tissue, and there was an increase in the expression of both these epitopes at 24 mo, noteably surrounding neuron cell bodies. The expression of chondroitin-4 sulphate\dermatan sulphate was unchanged, thus implying a decreased expression of dermatan sulphate with age. Keratan sulphate and the native chondroitin sulphate epitopes were absent from the ganglia at both ages. Laminin expression was increased in the aged ganglia. It is therefore clear that the constituents of the extracellular matrix are not constant throughout the adult lifespan and that the extracellular matrix may influence neuronal survival in old age. This is the first report characterising age-related changes in the extracellular matrix of autonomic ganglia.
sympathetic postganglionic neurons. Previous work (Warburton & Santer, 1993) has shown that age affects these 2 populations differently : the number of sympathetic neurons per unit area decreases, whereas in the parasympathetic population the difference in neuronal packing density is insignificant. Correspondingly there is also a decrease in the noradrenergic innervation of the ureter, bladder and urethra, target organs of the HG, and also of the kidney, the target organ of the T13 ganglion (Warburton & Santer, 1994 a) . This study aims to investigate the effects of age on the neuronal environment in the HG and T13 and to attempt to shed some light on why such selective degeneration of sympathetic neurons should occur.
Sympathetic neurons are known to rely on targetderived nerve growth factor for their continued survival into adulthood (Ruit et al. 1990 ), but in addition may also be affected by components of the extracellular matrix. The extracellular matrix has been shown to bind to and regulate the activity and stability of several growth factors (McCaffrey et al. 1989 ; Rifkin & Moscatelli, 1989) . More specifically, proteoglycans, components of the extracellular matrix, are able to bind growth factors and change their potency and affinity for receptors (Burgess & Maciag, 1989 ; Roushalti, 1989) .
With the development of monoclonal antibody techniques, specific structural and functional domains of proteoglycans can now be recognised (Caterson et al. 1985) and a variety of proteoglycans have been reported in the nervous system (Cole & Glaser, 1986 ; Vidovic et al. 1986 ; Bertolotto et al. 1993 ; Atoji et al. 1995 ; McAdams & McLoon, 1995 ; Nishizuka & Arai, 1996) . The precise function of the proteoglycans is still unclear, but they appear to affect cell binding and migration during development (Hennig et al. 1993 ; Bicknese et al. 1994 ). However, reports have been mainly limited to the central nervous system, and to date the expression of proteoglycans in the autonomic nervous system has not been demonstrated.
A common feature of all proteoglycans is the possession of one or more glycosaminoglycan side chains. These side chains are the ' reactive ends ' of the proteoglycan molecule and dominate its biochemical behaviour. They are formed by the polymerisation of 2 monosaccharide units into 1 of 3 linear parent polymers. These parent polymers then undergo various sulphations and isomerisations to produce 7 classical types of glycosaminoglycan, including chondroitin sulphate, dermatan sulphate, and keratan sulphate. In this study, as the presence of glycosaminoglycans was suggested by a metachromatic staining of the ganglia with toluidine blue, the extracellular matrix of the HG and T13 ganglia was characterised. Laminin, the major basement membrane glycoprotein, with well established trophic activities affecting neuronal development and regeneration (de Curtis, 1991 ; Wang et al. 1992 ) has also been included in the study. The aim was to begin to establish the composition of the ganglionic extracellular matrix, and whether or not age affects the expression of those components present, thereby influencing neuronal survival.
Preliminary results of this study have previously been presented in abstract form (Warburton & Santer, 1994 b, 1995 


Morphometry
Thirty male Wistar rats aged 4, 24 and 30 mo (n l 10 in each age group) were used in this study. Following terminal ether anaesthesia, the vascular system was perfused through the heart with cold phosphate buffered saline (PBS) containing 1 % sodium nitrite and 2.5 units\ml heparin (10 min) followed by perfusion with 2 % glutaraldehyde and 1 % paraformaldehyde in 100 m phosphate buffer (pH 7.3 ; 30-45 min ; 4 mC). Perfusion conditions were kept constant. The HG and T13 ganglia were then transferred into fresh fixative for a further 90 min, washed, osmicated, dehydrated and embedded in Spurr resin. From each age and ganglion category 5-10 blocks were randomly selected and, providing the vascular bed had been cleared completely, sectioned at 2 µm on a Reichert-Jung Ultracut microtome. Every 10th section was saved onto a clean glass slide and stained with 1 % toluidine blue\1 % borax, until a total of 20 sections had been collected per ganglion. Areas of ganglion parenchyma were selected randomly from each section and, with the aid of a i40 objective and a calibrated eye-piece graticule (frame area 119 000 µm#), the numbers of neuronal and microvessel profiles were counted. Profiles overlapping the right and upper borders of the frame were included in the count, whereas those overlapping left and lower borders were excluded. Counts for each age and ganglion category were then averaged and neuron : microvessel ratios calculated. From each age group, 5 ganglia were selected randomly and from the 10th section of each, 20 microvessel diameters were measured using a i40 objective and an eye piece graticule. Diameters, expressed in µmp.., were obtained by measuring the smallest diameter of each microvessel and calculating the mean. Using a Kontron MOP Videoplan image analyser 1000 (HG) and 500 (T13) neurons with prominent nucleoli were included in each age group and neuronal and nuclear areas measured. Occasionally binucleate cells were present and where both nuclei had prominent nucleoli the average of the 2 nuclear areas was taken.
Estimation of the absolute number of HG neurons
As it is possible to define the boundaries of the HG more accurately than those of the T13, further quantitative studies were only undertaken on the HG. Paraformaldehyde fixed HG from 8 pairs of 4 and 24 mo animals were paraffin embedded and 10 µm serial sections through the whole ganglion cut and stained with Masson's trichrome. The number of neurons in the HG was then estimated using a physical disector analysis. First, the volume of each ganglion was estimated by the Cavalieri principle : every 10th section was projected onto a calibrated point-containing grid and the number of points overlying the image of the section counted. The area represented by each point was then calculated and the volume of the ganglion obtained by a summation of points counted and the distance between sections (Gundersen et al. 1988) . Second, the numerical density was estimated using disectors : sample areas from pairs of sections-one a ' reference ' section and an adjacent serial section as a ' look-up ' section-were photographed and the number of neuronal profiles appearing in an unbiased counting frame (of known area) in one sample area but not the other counted. Numerical density was then calculated and by multiplying numerical density and ganglionic volume an estimate of the number of neurons in the HG ganglion was attained (Coggeshall, 1992 , Mayhew & Gundersen, 1996 .
Statistical analysis
Significance was tested using 1-way ANOVA and\or Student's t test.
Characterisation of the extracellular matrix
The HG and T13 ganglia were removed from 4 and 24 mo animals (minimum of 5 per age group) and following fixation in 4 % paraformaldehyde, embedded in paraffin wax and sectioned at 10 µm on a Leitz 1512 microtome. Routine histological staining with Masson's trichrome showed that the amount of interstitial connective tissue in the aged ganglion is increased and metachromasia with toluidine blue suggested the presence of glycosaminoglycans. The extracellular matrix was therefore further characterised using a panel of monoclonal antibodies to detect glycosaminoglycans and laminin. Antibodies were detected using a Vectastain ABC ' Elite ' avidin\ biotin\peroxidase kit. Monoclonal antibodies (gifts from Professor B. Caterson, Connective Tissue Biology Laboratory, School of Molecular and Medical Biosciences, UWC Cardiff) used to detect glycosaminoglycans were : antibody 7D4 which recognises a novel (nonterminal) epitope of the native chondroitin sulphate ; antibody 3B3 which recognises native (nonreducing terminal) chondroitin sulphate ; antibody 3B3 (predigested with chondroitinase ABC) which recognises chondroitin-6 sulphate ; antibody 2B6 (predigested with chondroitinase ABC) which recognises chondroitin-4 sulphate and dermatan sulphate ; antibody 2B6 (predigested with chondroitinase AC to generate the epitope) which recognises chondroitin-4 sulphate ; and antibody 5D4 which recognises keratan sulphate. Monoclonal antibody D18 (Developmental Studies Hybridoma Bank, Department of Pharmacology and Molecular Sciences, John Hopkins University of Medicine, Baltimore, MD) was also used, and this recognises laminin.
Sections were dewaxed and rehydrated before being transferred to 100 ml methanol containing 1 ml of 30 % H # O # (30 min), washed in PBS containing 0.1 % Tween 20 and then treated with chondroitinase AC\ABC (0.25 µl\ml) (Sigma) (20 min ; 37 mC) as necessary. After washing, sections were incubated in 1 : 20 goat serum (20 min ; room temperature) and then incubated in the relevant primary antibody (30 min). Antibodies were diluted in 10 m PBS containing 0.1 % Tween 20, 0.1 % bovine serum albumin and 0.05 % sodium azide (pH 7.2) at 1 : 150 (2B6, 3B3), 1 : 350 (7D4), 1 : 1500 (5D4) and 1 : 5 (D18). Sections were then washed, further incubated with biotinylated antimouse secondary antibody (1 : 200 ; 30 min), washed again, and incubated with an avidin\ biotin\peroxidase complex. Control sections were incubated either with nonimmune mouse immunoglobulins or without primary antibody. The antigenic site was made visible using a diaminobenzidine substrate kit and with Mayer's haematoxylin as a counterstain. Sections were then dehydrated, cleared and mounted with DPX and observed under a Leitz photomicroscope. The degree of specific antibody labelling was assessed qualitatively according to the following scale : jj strongly positive labelling ; j positive labelling ; p weakly positive labelling ; and k no specific labelling.

General observations
HG neurons could be broadly classified as either large or small. In sections stained with Masson's trichrome the larger HG neurons were clearly separated from each other by interstitial connective tissue, whereas the smaller neurons were grouped closely together in large aggregations with relatively little interstitial connective tissue. In the aged ganglion the larger neurons were much larger and their numbers were clearly less and there was an increased mass of interstitial connective tissue compared with the 4 mo animal. Also, the interstitium immediately surrounding HG (toluidine blue stained) neurons appeared thicker in the aged ganglion. Vacuolated neurons (VN) were also present throughout the ganglion and accessory pelvic ganglia, but much more common amongst the loosely-packed groups of larger neurons. Of the several different types of VN observed, the simplest had a single vacuole in the perikaryon, and in others the numbers and sizes of the vacuoles increased until vacuoles filled the perikaryon, pushing the nucleus to the periphery of the neuronal soma. The next ' stage ' appears to be the fusion of these small vacuoles, which are separated by thin strands of cytoplasm. Neuronal profiles filled by a single vacuole with the nucleus compressed against the plasma membrane were also seen, as were completely empty neuronal profiles. VNs were present at both ages, and the number of these VNs in the ganglion was counted using the sets of serial sections. In the 4 mo animals there were 40p21 VNs, which increased to 95p40 in the 24 mo animals. Student's t test revealed this difference to be significant at P l 0.01. However, when the volume of the ganglion was taken into consideration (see below) there was no significant difference in the number of VNs per unit area between the 2 ages : ganglionic volume\number of VN l 0.1425 (4 mo) and 0.1416 (24 mo). In the aged animals occasional VNs with large amounts of cytoplasmic age pigment were also seen ; such aggregations of age pigment were widespread in neuronal perikarya. In the T13 ganglion, the neurons formed a more homogeneous population and there were no vacuolated neurons present.
Morphometry
In the HG the number of neurons per unit area progressively decreased by 38 % between 4 and 24 mo and by 16 % between 24 and 30 mo (Fig. 1 a, b ) and in the T13 by 25 % (4 and 24 mo) and 2 % (24 and 30 mo) ( Fig. 1 c, d ). One-way ANOVA showed these differences to be significant only in the HG and only between young (4 mo) and aged (24\30 mo) ganglion groups, and not between the 2 aged groups. Further statistical analysis revealed that in the HG the difference was more significant between the ages 4 and 30 mo (P l 0.001) than between ages 4 and 24 mo (P l 0.027). In addition neuron :microvessel ratios (Table 2 ) decreased with age, but these were only significant in the T13 ganglion (P l 0.02). Both in the HG and the T13 ganglia (Table 1) there was no significant difference between the number of microvessels per unit area, microvessel diameter, or neuronal and nuclear areas in the 3 age groups studied.
Estimation of the absolute number of HG neurons
Using the Cavalieri principle it was estimated that an average of 229 points overlay the 4 mo HG ganglion as a whole, representing an area of 17.11 mm# and a mean volume (n l 6) of 0.57p0.26 mm$. At 24 mo this average increased to 449 points, representing a mean volume of 1.35p0.21 mm$. This 42 % increase in HG volume with age is significant at P l 0.001. Numerical density of neurons (per cm$), estimated using disectors, was 5.5x10(p1.2x10( in the 4 mo HG and 3.5i10(p4.7i10' in the 24 mo HG, which is significant at P l 0.01. Taking ganglionic volume into account the estimated number of neurons in the HG is 3.2i10%p1.6i10% at 4 mo and 4.5i10%p7.3i10$ in the 24 mo ganglion, but these differences are only significant at P l 0.04.
Characterisation of the extracellular matrix
Metachromatic staining of the HG interstitium by toluidine blue suggested the presence of glycosaminoglycans. Glycosaminoglycan immunolabelling, visible as a brown reaction product, was present in the interstitial connective tissue and in the aged ganglia formed a distinct ' halo ' around unstained somata (Fig. 2) . Control sections showed no specific labelling ( Fig. 2 e) . The HG displayed positive labelling (results summarised in Table 3 ) for monoclonal antibodies 3B3 pretreated with chondroitinase ABC, 2B6 pretreated with chondroitinase AC and ABC and D18 (Fig. 2) . In the 4 mo HG, labelling by 3B3 (jABC) and 2B6 (jAC) was only weak, and some areas were even devoid of immunoreactivity, but at 24 mo labelling was very much stronger and was also present throughout the whole of the ganglion. 2B6 (jABC) positively labelled the HG at both ages and to the same extent. Labelling by D18 was positive at 4 mo, but was strongly positive at 24 mo. None of the other monoclonal antibodies used (3B3, 5D4, 7D4) positively labelled the extracellular matrix of the HG (Table 3) . From Table 3 it can be seen that no major differences in staining patterns were noted in the T13 ganglion with the antibodies used.

In the aged (24\30 mo) rat HG the number of neurons per unit area decreased significantly (Fig. 1) . Of those neurons which survive into old age it could be expected that, in order to compensate for neuronal loss, their perikarya might have increased in size, but no significant overall increases were observed (Table  1 ). Yet in the HG, which contains both parasympathetic and sympathetic neurons, parasympathetic (NADPH-d-positive) neurons are smaller and more numerous than sympathetic (TH\NPY-immunoreactive) neurons (Warburton & Santer, 1993 , and therefore capable of masking any compensatory increase in the size of sympathetic neurons. Such a reduction in neuronal packing density is consistent with the decrease in noradrenergic innervation density of the ureter, bladder and urethra, target organs of the HG, observed in aged rats (Warburton & Santer, 1994 a) . However, when considering that the volume occupied by the HG is increased by 42 % in the aged animal and that the amount of interstitial connective tissue is also increased, the probability of a particular neuron being included in the frame area, and hence in the count, is decreased. Thus the absolute number of neurons in the HG may not be significantly changed with age. For this reason a disector analysis was performed to estimate the number of neurons within the HG, and this did in fact show that there is no significant change with age in the absolute number of neurons. Despite this, earlier results demonstrate that, overall, the sympathetic neuron population of the HG is more susceptible to the effects of advancing age than the parasympathetic neuron population (Warburton & Santer, 1993 , implying that the decreased packing density observed may in fact represent a decrease in the number of sympathetic neurons. Similarly in the T13 ganglion ( Fig. 1 ) a decrease in neuronal packing density was observed, which again was not compensated for by a significant increase in neuronal size. It has however been suggested that increases in neuron cell volume are due to the accumulation of lipofuscin granules (age pigment) and that the functionally active volume of cytoplasm of such enlarged cells is actually decreased (Scaravilli, 1988) . Surprisingly the decrease in neuron numbers in the aged T13 ganglion was not highly significant, especially since the noradrenergic innervation density of the kidney is greatly reduced in the aged rat (Warburton & Santer, 1994 a) , as it is in the target organs of the HG. However those neurons in the T13 ganglion which project to the kidney may only form a small percentage of the total neuron number of that ganglion.
Although the number of HG neurons per unit area decreased, the density of the microvascular bed has been shown to remain constant throughout the adult lifespan of the rat (Table 1) . Whilst perfusion conditions were kept constant, we acknowledge that changes in the composition of the ganglionic interstitium and, or in the vessel walls with age could have affected the reaction of the microvessels to the perfusion pressure thereby affecting the size of the perfused vessels. In the coeliac-superior mesenteric and superior cervical ganglia such a decrease in neuronal packing density is accompanied by a decrease in the density of the microvascular bed (Santer & Kabeer, 1987 ; Baker et al. 1989 ). This implies that in the HG surviving neurons have an increased demand for oxygen. In the T13 microvessels were far more numerous than in the HG, suggesting that T13 neurons have a greater metabolic demand, possibly reflecting the constant demands made on the ganglion by its target organ(s). Similarly another paravertebral sympathetic chain ganglion in the rat, the stellate ganglion, has a high microvascular density (Lingam & Santer, 1993) .
In addition to age-related decreases in the packing density of HG neurons the composition of the extracellular matrix surrounding these neurons was also affected by age. First, Masson's trichrome highlighted the interstitial connective tissue, the close grouping of the smaller neurons and that larger cells are more spread out, separated by an even greater amount of interstitial connective tissue in the aged ganglion. Second, metachromasia of the HG and T13 with toluidine blue suggested the presence of glycosaminoglycans. Further study then revealed that chondroitin-6 sulphate, chondroitin-4 sulphate, dermatan sulphate and laminin are present in the extracellular matrix (Fig. 2) . Keratan sulphate and the native chondroitin sulphate epitopes are absent.
Information regarding the distribution and role of the chondroitin sulphates and dermatan sulphate proteoglycan molecules is sparse, and it is only recently that antibodies capable of recognising novel epitopes within individual chondroitin sulphate chains have been developed. Monoclonal antibodies 3B3 and 2B6 have specificity for the k4, k6 and unsulphated chondroitin sulphate epitopes ; 3B3 when undigested detects the native chondroitin sulphate and when digested with chondroitinase ABC detects the chondroitin-6 sulphate neo epitope, 2B6 when digested with chondroitinase ABC detects both dermatan sulphate and chondroitin-4 sulphate, and when digested with chondroitinase AC detects chondroitin-4 sulphate alone. Thus the increased expression of 2B6 (jAC) with age observed in the HG and T13 and the unchanged expression of 2B6 (jABC), implies a decreased expression of dermatan sulphate with age in these ganglia.
In the few studies performed to date chondroitin sulphate epitopes have been shown to be developmentally regulated (Caterson et al. 1985 ; Sorrell et al. 1988 ) and also to be widely expressed during pathological changes (Caterson et al. 1990) . Hence the increased expression of chondroitin-4 sulphate and chondroitin-6 sulphate in the aged rat HG and T13 ganglia may signify the occurrence of pathological changes within the extracellular matrix. In support of this, Kato et al. (1993) reported the deposition of heparan sulphate in spinal spheroids, which are early pathological features of amyotrophic lateral sclerosis\ motor neuron disease. In view of earlier results (Warburton & Santer, 1993) it seems reasonable to suggest that any such pathological changes would exert their effect more prominently on the non parasympathetic (NADPH-d-negative) neurons. However, more significantly, in the aged ganglia, there was a specific increase observed in the expression of these chondroitin sulphate epitopes in the interstitium immediately surrounding the neurons, described here as ' halos ' (Fig. 2 b, d ). To determine the exact composition of these perineuronal ' halos ' and whether, for example the satellite cells contribute to the labelling, would require further study at the ultrastructural level, but their presence suggests that proteoglycan molecules play an essential role in the survival of these neurons. Do proteoglycans therefore have a protective role ? The decreased neuronal packing density may therefore be due to some neurons (or indeed other, nonneuronal cells) being unable to secrete these ' essential ' proteoglycan molecules. Although the absolute number of HG neurons is very similar at both 4 and 24 mo, the question still remains as to why there is such increase in the amount of connective tissue, and hence in the size of the ganglion with age.
Another major constituent of the nonneuronal extracellular matrix is laminin, the major non collagenous (glyco)protein of the basement membrane. Laminin promotes neurite outgrowth by several types of neuron and can mediate neuron-substratum attachment (Lander, 1989) and in the neuromuscular junction acts as the stop signal for regenerating motor axons which have arrived at their motor end plate (Hunter et al. 1989 (Hunter et al. , 1991 . Similarly in the central nervous system laminin may have a role in controlling axon guidance during embryonic development or repair during regeneration, although it has only been localised in a few restricted areas (Luckenbill-Edds et al. 1995). In the mature and ageing nervous system the role of laminin is as yet uncertain. Laminin may be involved in age-related losses of neuronal plasticity, by acting either instead of or in addition to neurotrophic factors (Gavazzi et al. 1995) . In both the HG and T13 we have shown that the expression of laminin increases with age, perhaps helping aged neurons retain their plasticity. Or, alternatively perhaps the increase in laminin surrounding HG and T13 neurons helps to provide a stronger attachment to a matrix which is also undergoing integral changes. 
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